Turnover 
Implicit in the concept of the cytoskeleton is the relative permanence of the fiber systems that comprise it. It came as a surprise, therefore, that microtubule (MT) populations in proliferating cells turn over rapidly, exchanging subunits with the soluble pool with a half-time of 5-20 min (1) (2) (3) (4) (5) . This implies that in a typical cultured cell with a generation time of 22 hr, the entire MT network turns over =20 times during a single cell cycle.
However, some processes such as mitosis and cell morphogenesis apparently require longer-lived MTs (6) (7) (8) , and some mechanism(s) of selective stabilization, therefore, must exist. Differential incorporation ofgenetically distinct tubulin isotypes had been thought a possibility (9) (10) (11) (12) , but it has been shown (13) that they assemble indistinguishably into cytoplasmic and mitotic MTs. Other possible mechanisms include differential interaction with microtubule-associated proteins (14) (15) (16) and post-translational modification with phosphate (17) , acetate (18, 19) , or tyrosine (20, 21) . Tyrosine is cyclically added to the carboxyl terminus of unassembled a-tubulin subunits by tubulin/tyrosine ligase (21, 22) and removed from assembled subunits by a tubulinspecific carboxypeptidase leaving a glutamic acid as the carboxyl-terminal residue (23) . The (24, 25) , termed [Tyr] MTs and [Glu]MTs, respectively, and that [Glu] tubulin is enriched in certain stable MT structures (26) . Not all MTs within a cell turn over with the same kinetics (27, 28) or are equally labile to depolymerizing conditions (28) (29) (30) (31) (24) .
Preparation of Hapten-Labeled Tubulin. Microtubule protein was isolated under conditions favoring tyrosination as described (33, 34) . Tubulin was separated from microtubuleassociated proteins by DEAE-Sephadex chromatography (35) and was then hapten-labeled with either dichlorotriazinylaminofluorescein (DTAF) (4) or N-hydroxysuccinimidyl biotin (36) . The hapten-labeled material, after two cycles of temperature-dependent assembly and disassembly using 5% (vol/vol) dimethyl sulfoxide (37) (32) . For the purposes ofthis study, we defined [Glu]MTs as those exceeding the minimum detection limit, which we estimate from an injection study (5) [Glu]MTs Do Not Grow Efficiently. TC-7 cells extracted and fixed within 2 min of microinjection displayed a dense pattern of short MT domains containing hapten-labeled subunits (Fig. la) . Each [Tyr] MT with an observable end (-300 ends in the cell in Fig. 1 ) displayed a domain of hapten-labeled subunits at its end ( Fig. 1 a, c, d, andJ) . In contrast, only a few [Glu]MTs displayed segments of haptenlabeled tubulin at their ends (14% for biotin and 28% for
DTAF-injected cells). Most of the MTs classified as [Glu]-
MTs did not display hapten-labeled domains at their ends, and we, therefore, conclude that they did not grow.
[Tyr]MTs Turn Over Rapidly. After 1 hr of incubation, the pattern of hapten-labeled MTs in microinjected cells closely resembled the [Tyr]MT pattern (Fig. 2 a and c) but was different from the [Glu]MT array (Fig. 2b) . At higher magnification, some copolymers of [Glu] tubulin and biotinylated tubulin were observed ( Fig. 2 d and e [Glu]MTs Turn Over Slowly. The turnover of [Glu]MTs was examined quantitatively over time in an asynchronous population of interphase cells (Fig. 3) . Within 2 min after injection, except for the end-labeling of a small proportion, [Glu] MTs lacked hapten-labeled tubulin. Cells examined 1, 8, and 16 hr after injection displayed a progressively smaller proportion of [Glu]MTs that had not incorporated haptenconjugated subunits. Conversely, the proportion of [GlulMTs containing hapten-labeled tubulin increased over time, indicating that these MTs had become detyrosinated after microinjection and incorporation of hapten. The production of [Glu]MTs was biphasic, including an initial, relatively rapid rise followed by a much slower increase over a period of hours. Specifically, the proportion of hapten-labeled [Glu] MTs rose from 0 to 45% after 1 hr of incubation, and the slower rise corresponded to an increase from 45 to 80% over Mitosis Mixes All Tubulin Pools. MT patterns of cells that were injected during interphase and had entered or completed mitosis at the time of cell lysis (8-24 hr after injection) were also examined (Fig. 4) (Fig. 4 a-c cells could again be determined (Fig. 4 e, . This is shown at higher magnification in another cell (g-i). The biotin staining (g) was evenly distributed between both highly detyrosinated MTs (g-i, arrowheads) and highly tyrosinated MTs (g-i, arrows). (Bars: a-c and g-i, 5 ,um; d-f, 10 jm.) elongate suggests that they may be "capped" or structurally less efficient as templates for addition of subunits.
Although we identified a subpopulation of MTs by a minimum level of detyrosination, it is likely that MTs within that group contained various concentrations of [Glu]tubulin. Although the mechanism that generates functionally distinct MT populations within a cell remains a puzzle, we have identified a correlation between diminished dynamic activity and an elevated level of detyrosination. It remains to be determined whether detyrosination confers stability to MTs or arises as a consequence of an independent stabilizing mechanism.
